Time periodic solutions are found for the natural convection of a Pr=0.71 fluid in a differentially heated 8x1 cavity at Ra=3.4x10 5 using a "straight" Galerkin finite element method with the Q 2 Q 1 element. Time integration is performed with an implicit second-order accurate (in time) trapezoid rule. As expected, the average values of various solution metrics were relatively insensitive to mesh refinement and time integration truncation error, although coarse meshes tend to damp out the time periodic behavior. The amplitude and frequency of the oscillation is sensitive to both mesh and time truncation errors.
Introduction
This paper is a submission to the special session on "Computational Predictability Of Natural Convection Flows in Enclosures". Refer to [1] for introductory material and a problem description.
The MELT2D Code
The MELT2D code was originally written to solve free and moving boundary problems in liquid metals processing. Details on the code and method can be found in [2] . All of the free-boundary features were turned off for the natural convection in a cavity problem presented here. With the appropriate dimensionless coefficients per the problem definition, the MELT2D code solves Eqns. (1)-(3) as given in [1] .
A "straight" Galerkin Finite Element Method implementation of the NavierStokes and energy balance equations is used with velocity, pressure, and temperature as the primitive variables. The continuity equation constraint determines the pressure, as is typically done. The resulting system of nonlinear equations is solved simultaneously for all primitive variables with Newton's method. The linear equation system for each Newton step is solved using a direct frontal solver.
The time-integration is performed for consistent mass and capacitance matrices using the second-order accurate implicit trapezoid rule. The time step size is automatically selected to maintain an estimate of the time integration truncation error below a user specified tolerance. More details on the time-stepping algorithm are given in [3] . A single Newton iteration is taken per time-step to solve the non-linear "corrector" equations. For sufficiently small error tolerances the solution change is small enough that multiple Newton steps are not required (for details, see [3] ).
The element is the Q 2 Q 1 element with bi-quadratic C 0 continuous velocity and temperature and bi-linear C 0 continuous pressure interpolation. The total number of unknowns for a rectangular mesh that is n x by n y grid points is:
There are no artificial viscosity terms or special advection limiters used in the method.
Problem Setup
Calculations were run on three meshes indicated in Table 1 . The meshes are graded with a two-sided 3:1 geometric spacing, i.e., the elements in the center are 3 times the size of elements at the walls. The boundary conditions are given in [1] with an additional specification of the pressure at the lower right corner (x=W, y=0) of the domain. Pressure specification at a point is required for this method to avoid a singular matrix. The CPU times reported in Table 1 
Results
The compulsory results as outlined in [1] for the finest meshes M2 and M3 are given in Tables 2-4 . Values reported for the amplitude of the oscillation are peakto-valley and were found by taking the difference between the maximum and minimum value over the time period used to compute the average and period.
The period of the oscillation is peak-to-peak and was computed using a power For both the M2 and M3 calculations the value of the specified time-truncation error was 5x10 -5 . For both meshes, once the "steady" time-periodic behavior was established the time step size remained unchanged settling in to about 16 points per oscillation period. A calculation was run on M3 with the time-truncation error tolerance was specified as 1x10 -4 (a factor of 5 larger than the results in Tables 2-4 ). The temperature at point 1 has the same average temperature, the period of oscillation is 3.51 and the amplitude is 0.04688 (compare to the values given in Table 2 ). Apart from the skewness, the time-truncation error tolerance appears to be adequate. Calculations with smaller tolerances will be performed to confirm this.
The temperature at point 1 from the M3 calculation is shown in Figure 1 . Note that the solution settles into the "steady" time-periodic behavior in about 1 unit of the diffusion time. All of the other quantities in Tables 2-4 showed similar behavior. A secondary envelope appears around the primary oscillation in Figure   1 during the "steady" oscillation. This is actually a consequence of the oscillation period not being evenly divisible by the time step size. Figure 2 shows the temperature oscillation at point 1 on an expanded scale with the solution points marked. Note that the extrema of the oscillation depends on the position of the time points for a particular cycle.
Conclusions
Time periodic solutions were found for the natural convection of a Pr=0.71 fluid in a differentially heated 8x1 cavity at Ra=3.4x10 5 using a "straight" Galerkin finite element method with the Q 2 Q 1 element. As expected, the average values of various solution metrics were relatively insensitive to mesh refinement and time integration truncation error, although coarse meshes tend to damp out the time periodic behavior. The amplitude and frequency of the oscillation is sensitive to both mesh and time truncation errors and may not be fully resolved for the calculations run so far. A skew-unsymmetric mode appears to be active in the time periodic solutions found but probably cannot be quantified from the current calculations. Tighter time truncation error tolerances and further mesh refinements will be explored in subsequent calculations. 
